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Engineers and contractors need to have a precise understanding of the development 
progress of concrete strength in the natural environment, which helps to save project time and 
cost. However, current practice of concrete construction depends on published data, charts and 
curves from laboratory tests. The data would not show frequently changing environmental 
conditions in the real world, which can affect concrete quality significantly. The objective of this 
research is to design a reliable and accurate method to validate test data of the strength 
developments of concrete specimens in early stages. The approach includes the following tasks: 
(1) arrange sensors to monitor the temperature data of in-place concrete; (2) record the sensor 
data automatically; and (3) design the temperature control on a concrete-curing device to keep 
the curing conditions of the specimens the same as in-place concrete. The Smart and 
Synchronized Concrete Curing (SSCC) system designed and developed in this research is a big 
data and sensor network (BDSN) for construction material testing, particularly concrete 
materials. The data collection lasts 40 days and includes 50 strength reports for concrete 
specimens. The data analysis includes hypothesis testing, regression, and machine learning. The 
findings show that the modified measurement method of concrete strength is effective and a 
reliable management and control system for sample testing and data collection. In addition, the 
research explores the relationship between environment temperatures and concrete temperatures. 
This entire research design is applicable to various concrete construction projects.
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CHAPTER I: INTRODUCTION 
Research Background 
Concrete is vital to the construction industry because it is the most commonly used 
construction material. It is an unavoidable question about how to save money and time on 
concrete curing on different job sites and under various weather conditions (Allen & Iano, 2011). 
Construction workers usually judge concrete strengths based on the published concrete time-
strength curves or charts (Allen & Iano, 2011). Sometimes they may rely on their experiences to 
justify when to remove the formwork or temporary support structure for concrete. For example, 
after 7 days from the first day of concrete construction, the material gains its initial strength. 
Hence it is a widely used practice in construction management or quality control to remove 
concrete formwork on the 7th day of concrete curing and start the rest of construction activities 
on the material’s surface. However, site temperatures and real-world conditions change 
momentarily, which affects the concrete strength and quality significantly (Breysse & Martínez-
Fernández, 2014; Juenger & Siddique, 2015). It is important to know the timely information on 
concrete strengths, their development paths, and predictions for project management and quality 
control. A general practice of concrete testing procedure is to cure concrete specimens on site 
with the constructed concrete to ensure the two groups (specimens and constructed concrete) are 
under the same conditions. This method may work for small-size concrete construction. 
Nevertheless, concrete material generates excessive heat during hydration and associated 
expansion because of cement’s exothermic chemical reaction during crystallization (Glasser 
1997; Neville 1995). For bulk-size concrete objects or structures such as dams, bridges, river 
navigation locks, and mat foundations, the size differences between specimens and constructed 
concrete can cause inaccuracies or mistakes in the strength reports and quality control. 
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There are simulations about concrete curing (Allen & Iano, 2011; Kim, etal, 1998). But it 
is not guaranteed to be consistent with the jobsites’ temperatures. Therefore, the samples cured 
and tested in laboratories cannot represent the true strengths of the concrete on site in outside 
temperatures. Overall, it is important to understand the strengths of concrete by observing time 
series data. The data can offer a clear direction to improve the effectiveness and precision of 
environment simulation for testing specimens in laboratories. There are usually two methods to 
simulate temperatures in natural environments. One is to use theoretical models analog to 
simulate the natural environment. These models may provide possible progresses of how 
concrete develops strengths. The other approach is to use sensors to monitor concrete data and 
make the control system to adjust the environment conditions of concrete in laboratories to be 
synchronized with the site conditions.  
Research Purposes and Questions 
This research aims to build a reliable and accurate measurement method for concrete 
specimen strength tests by precise detection of the temperature and moisture data of in-place 
concrete and control of the conditions of concrete specimens in labs. The research includes a 
design of a sensor network system to collect data from concrete materials cured on the jobsite 
and a control system to synchronize the temperature and moisture settings of test specimens in 
the laboratory. The study includes following research questions: 
Research Question 1: Do sensor data collected from concrete materials cured under natural 
environmental conditions reflect the realistic environment of the materials? This is to validate 
that the sensors are working properly and they measure that data correctly. 
Research Question 2: Is the system able to record the temperature and moisture data of concrete 
installed on the jobsite?  
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Research Question 3: Will this system increase or decrease the accuracy of compressive testing 
on concrete specimens? 
Research Question 4: What is the relationship between the concrete temperature cured on the 
jobsite and the environment temperature, linear, no-linear or no relation? 
Hypotheses 
Table 1 Research objectives/hypotheses of this project and planned measurements or 
observations for the objectives. Objective 1 is to test and verify the responsiveness of the Smart 
and Synchronization Concrete Curing system. Objective 2 is to test and verify the smartness of 
the system. Objective 3 is to test, verify and validate the synchronization features of the system. 
Objective 4 is to generalize and validate the system for engineers and construction managers by 
issuing warning signals for possible concrete failures caused by temperatures. 





Objective 1 Design sensor network that is able to monitor and record the temperature and 
moisture data of concrete installed on jobsite. The investigator will also 
study the implementation costs, efficiency in data collection, and location 
algorithms for sensor installation to satisfy the reliability requirements for 
concrete testing. 
Objective 2 Design a system to record the temperature data of concrete installed on 
jobsite. 
Objective 3 The system is able to synchronize the temperatures of concrete cylinders 
with the temperatures of site concrete. 
Objective 4 The system is capability to predict temperature changes of onsite concrete. 
 
Research Rationale 
Monitoring the curing strength of early-age concrete is very important in order to reduce 
the construction cost and time.  It provides critical information for decision-makers to safely take 
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actions. For example, transportation projects in Illinois will be able to achieve cost savings and 
time reductions with accelerated construction if engineers and construction managers can reduce 
the waiting time on concrete to develop strength. Obtaining the information of early-age concrete 
is one of the research targets of Illinois Center for Transportation (ICT) at Illinois Department of 
Transportation (IDOT 2018). This research targets on how to monitor the temperature data of in-
place concrete. In addition, based on the efficiency and accuracy of the recorded sensor data, the 
SSCC system control the laboratory curing conditions of concrete specimens. In this case, the 
specimens are cured at the same conditions as the on-site concrete materials. Hence, the testing 
results obtained by breaking the specimens can demonstrate the real strengths of the on-site 
concrete materials. The SSCC system can monitor, synchronize and record the strength 
developments of concrete cylinders automatically and continuously. This feature makes it possible 
to obtain the hourly information of concrete strength. Based on the information, engineers and 
construction managers can decide on when to remove a concrete curing device, the time to move 
on with the next step in construction, and experiment designs of best curing materials and 
procedures. Furthermore, the SSCC system can send out warning messages if concrete 
temperatures are in the scope of possibility failing. 
The research project has great research significance. Several studies were conducted on 
innovative materials and procedures of concrete curing to gain the understanding of the mechanics 
materials and possible influencing factors (Angulski & Hooton, 2015; Lei & Cao, 2015). Cement 
hydration involves intense exothermic and thermally activated reactions and the hardening process 
of concrete in the early stages after casting are accompanied by significant temperature changes 
(Cervera, et al., 2002). However, the temperature obtained in a concrete test specimen is usually 
different than the one measured from an in-place member. A study by Florida Department of 
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Transportation (FDOT Contract Number: BDV25-977-01) used foam material to provide better 
heat retention on specimens and showed strength improvement of those specimens than the ones 
ambient-air cured. To provide early-age concrete strength test results, Kim et al. (2015) integrated 
the embedded piezoelectric sensors with continuous wavelet transforms for real-time concrete 
curing strength monitoring. Sensors are also used to monitor materials' strength development in 
bridges, tunnels, pavement, etc. For example, the project (DTRT13-G-UTC28) by Delaware DOT 
was to couple conventional engineering design tools with the recorded sensor data to improve the 
design process (Meehan, 2015). Currently, there is still a lack of research in the area of using 
sensors to collect concrete data, not to mention the data collection on early-age concrete and the 
use of sensors for synchronized control. 
Assumptions, Limitations, and Range of Validity 
 Due to time and cost limitations of this research, the experiment design considers the 
following scenarios: standard concrete mix and early-strength concrete mix. The experiments are 
performed on a daily basis. The concrete strength tests for the standard concrete mix obtain the 
maximum strengths of 1-3 cylinders per day. The natural weather conditions (15-46 degrees 
Celsius or 50-90 degrees Fahrenheit) are ideal for all the days in the experiment duration. The 
experiment location is in a fixed location (Normal, Illinois) with a wireless network which has a 
signal range of 200 feet.  
Delimitations 
 The author suggests to take the following delimitation procedures to generalize the 
findings: 
1. Perform hourly concrete strength tests on cylinders, especially for early-strength concrete 
designs and experiments for different concrete curing methods. 
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2. Use the prediction functions in this system to issue early warning messages to engineers 
and construction managers for possible concrete faults caused by dramatic temperature 
changes, significant temperature differences between the center and surface spots of 
concrete, and too cold or too hot concrete temperatures. 
3. Increase the Wi-Fi signal strength by deploying high quality devices. 
Definitions of Terms 
 This research studies concrete testing using temperature data series. After the system 
design and initial setup, the verification and validation on system performance include material 
strength development, big data prediction, and nonlinear regression. Table A.1 in Appendix A 
lists the glossaries used in this research. 
Summary 
The practical implications will be the efficiency improvement in work schedules when 
engineers can verify the gained strengths of early-age concrete samples and cost savings that 
construction companies can achieve in the assessment of on-going performance of early-age 
concrete. The social implications are the possible construction code and policy advances in the 
concrete construction of transportation infrastructure. The research results will provide decision 
support for transportation planning and budget justification. The project proposal for the first time 
brings forward the study on the precise monitoring and control of the strength and quality of early-
age concrete. The concept and the design will contribute to the technology improvement of the 
construction industry. 
 The rest of the thesis is organized as follows: Chapter II reviews the literature of 
concrete construction and curing, sensor network and big data for prediction. In addition to the 
research methodology, Chapter III describes the framework design, the statistical analysis 
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methods, and the prediction algorithm. The following chapter is the experiment design, which 
focuses on the experiments of concrete strength testing, the hardware and software of the SSCC 
system.  Chapter V analyzes the data obtained from the concrete strength tests and sensor 
network. Based on the recorded material strengths and temperature data, the Big Data Prediction 
section of this chapter discusses the implementation results of the temperature forecasts using 
machine learning algorithm. The last chapter is to summarize the findings, describe the 




CHAPTER II: LITERATURE REVIEW 
Concrete Construction and Curing 
The common practice today in concrete construction is to use a chart or table for a certain 
content mix to obtain its strength once a certain amount of time is passed after its initial 
placement (Allen & Iano, 2011). It is critical to have a precise understanding of the strength 
development progresses of various concrete designs under ever-changing environment 
conditions (Breysse & Martínez-Fernández, 2014; Juenger & Siddique, 2015). Typical concrete 
construction keeps records of jobsite conditions manually on paper or by entering the 
information into a computer system of file management. The subsequent tasks after concrete 
construction need to wait until concrete has enough strength usually after seven days (Allen & 
Iano, 2011). Typical concrete construction also requires lab tests on material specimens, which 
are taken at the time when concrete is placed on the jobsite, cured under lab conditions, and 
broken to test their strengths after 7 days, 14 days or 28 days (Allen & Iano, 2011; Kim, et al, 
1998). But the lab conditions are not always the same as the natural environmental conditions, 
which are changing constantly. In addition, after concrete is poured, it generates heat during the 
process when it is hardened from liquid state to solid state. Alternatively, researchers use 
theoretical models as analogs to simulate the natural environmental conditions or the possible 
progresses of concrete strength developments. Another potential and promising approach is to 
use sensors to monitor concrete data and computer systems to control the environmental 
conditions of concrete specimens to be synchronized with the site conditions.  
As an indispensable material to almost all construction projects, concrete provides durability, 
strength, fire-resistance, and impermeability to engineered structures. The strength development 
of concrete is a multi-stage process. “The curing reaction takes place over a very long period of 
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time, but concrete is commonly designed on the basis of the strength that it reaches after 28 days 
”(Allen & Iano, 2011, P. 527). The placement of concrete requires to use concrete-strength test 
for the data of minimum compressive strengths (pound per square inch, or psi) at a certain age 
(i.e. days) for the proof of its strength and quality. In a standard test of concrete compressive 
strength, 28-day-old concrete cylinders are used as test specimens and the minimum strengths at 
which they fail are recorded and analyzed (Allen & Iano, 2011). For the convenience of project 
planning and management, many stipulations mandate that concrete structure and pre-cast 
products cannot be installed or used until 28 days after the date of placement of manufacturing 
(Hill & Gillette, 2008; Allen & Iano, 2011).  
With the adoption of innovative materials and technologies, engineers and researchers are 
looking for ways to shorten this time restriction. One critical issue in the applications of the 
innovations is to have a precise understanding of the strength development progresses of various 
concrete designs under ever-changing environment conditions. In the entire process of strength 
development, concrete grows its strength in a non-linear progress. Figure 1 shows the details of 
the growth of compressive strength in concrete over time. The duration of concrete curing and 
the growth of its compressive strength have a direct relationship, with the steep increase of 
strength in the first 7 days. Moist-cured concrete still gains strength after 6 months, but the 
amount accumulated after 28 days of its age is trivial (Allen and Iano, 2011; Zemajtis, 2015). In 
addition, Figure 1 shows that concrete may be able to gain up to 80% of its 28-day strength after 
7 days of placement (Zemajtis, 2015). Early age of concrete is usually defined as the period 
between final setting and 7 days at room temperature of 23 °C (73 °F) (Neville, 2011).The study 
of early-age concrete can reduce the work-idling time up to 75%, which will have great and 
broad impact to society and economy (Neville, 2011).For example, in a transportation project, if 
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engineers can confidently approve the strength of concrete in the roads sooner than expected, the 
subsequent tasks can be performed early. Hence the roads can be opened to traffic immediately. 
People don’t have to wait and drive through detours for a long time, which in turn would reduce 
transportation costs and improve the efficiency, along with the profitability of economy. 
Researchers and engineers studied on various models and methods to understand the way 
concrete achieve its strength in early age, the influencing factors, and its implementations. The 
growth of concrete strength is affected by many factors, i.e. different cementitious materials 
used, aggregates, admixtures, selection of concrete mix proportions, methods and length of 
curing, temperature, etc. (Neville, 2011) The influencing factors increase the complexity of the 
research on early-age concrete. 
 
Figure 1. Moist curing time and compressive strength gain [Zemajtis,2015] 
Sensor Network 
Sensing technology provides precise measurements to multiple situations. Sensors can 
improve the accuracy, efficiency, and reliability of management systems. Today, sensors are 
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everywhere, i.e. smart phones, controlling faucets, and flush toilets in restrooms. They can help 
checking in and out books in libraries, as well as monitoring humidity and insects in farms. 
According to the white paper published by the International Electrotechnical Commission (IEC), 
the development of wireless sensor networks (WSNs) was originated from military applications, 
such as monitoring battlefield (Đurišić et al. 2012). Currently, wireless sensor networks are used 
in various civilian applications, such as environmental and ecological monitoring, health 
monitoring, home automation, and traffic control. 
A sensor network includes many spatially distributed automation devices that use sensors 
to cooperatively monitor physical or environmental conditions (such as temperature, sound, 
vibration, pressure, motion, or contaminants) at different locations (Abbasi and Younis 2007; 
Romer and Mattern 2004). For example, a Radio Frequency Identification (RFID) inventory 
system can conduct inventory control and track the number of lost items automatically, which 
reduces or even eliminates man power. Another implementation of RFID technology is in 
libraries. For example, the public libraries in Normal and Bloomington, IL, implemented RFID 
systems to track their books. The libraries implemented such RFID systems for the purposes of 
security and asset tracking. All the library materials, including books, CDs, magazines, etc. were 
taped with RFID passive tags. There were about 15 readers around the Normal Public Library to 
track the books (Sarathchandra 2014). Sensors could be used for concrete as well (Song, 2008). 
Using sensors in concrete helped to measure its characteristics and mechanical data (Song, 
2008). 
Together with the coverage of wireless networks, nowadays sensors become economical 
and durable, which helps the wide adoption of wireless network technologies, (Abbasi and 
Younis 2007; Romer and Mattern 2004). The application of wireless sensor networks in the 
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construction industry caught the attention of researchers and practitioners (Kim et al. 2015; 
Giatec 2018). Nevertheless, the implementations are either in theoretical or developing stages. 
The implementation of smart home concepts and the application of internet of things (IOT) 
depend on sensor networks. For the testing of building materials, sensor networks can measure 
the needed information in a timely, convenient, and inexpensive way. Because sensors can 
collect the data of concrete temperatures and environment temperatures automatically and 
continuously, they are helpful to the analysis of the relationship between them.  
There are a few implementations of sensor network in checking and measuring environmental 
conditions for construction. Joaquín (2017) discussed the possibility of embedded sensors to 
monitor concrete curing. Azenha (2011) designed a system to evaluate the performance of 
thermal imaging techniques for the continuous monitoring on the surface temperatures of 
concrete cubes. Both systems also used embedded thermal sensors.  
The concept of the IoT (e.g. Huang and Li 2010; Uckelmann, Harrison and Michahelles 
2011) refers to a computationally augment everyday environment where the physical world 
(everyday objects) and the information world (information processing) are integrated within the 
ever–growing Internet infrastructure via a wide range of active and smart data–sensing devices, 
including RFID, NFC, GPS, infrared sensors, accelerometers, and laser scanners (Huang and Li 
2010; Uckelmann, Harrison and Michahelles 2011). The IoT has the features of interconnection, 
uniquely identification, and embedded devices, in addition to physical objects and virtual items, 
as well as smart objects (Bibri 2015b, p. 33). All these are connected to humans, embedded in 
their environments, and spread along the trajectories they follow. In addition, IoT is able to 
connect with, searching for, and monitor things, not to mention controlling, evaluating, 
managing, operating, repairing, and planning things (Bibri 2015b). Using the IoT is to achieve 
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different intelligent functions from conducting information exchange and communication, 
including learning about, identifying, tracking and tracing things (Simon and John 2017). The 
IoT applications can configure themselves in reaction to, or when exposed to, new environments. 
This is an intelligent behavior that can autonomously be triggered to cope with potentially 
unforeseen situations (Vongsingthong and Smanchat 2014). 
Big Data and Prediction 
Big data analysis provides foundation for prediction. There are various applications based 
on big data prediction, such as weather forecast, environmental monitoring, customer behavior 
changes, etc. The factors affecting the curing concrete temperature include environment 
temperature, humidity, weather condition, cement ration, and types of concrete (Glasser 1997; 
Naville 1995). For this research, it is necessary to verify the relationship between the natural 
environment temperature and the curing concrete temperature.  
Measuring concrete temperature during curing process requires instrument and labor, 
which makes it an expensive task. There are four common methods to predict concrete 
temperatures including: the Portland Cement Association (PCA) method, graphical method of 
ACI 207.2R, Schmidt’s method (K. A. Riding, 2006), and Concrete Works software package 
(Zahra, 2013). According to the conclusion of Zahra’ research (2013), high environment 
temperature can result in high concrete temperature. In addition, this research compared linear 
correlation, non-linear correlation and artificial neural network for temperature predictions.  For 
the linear correlation between environment and concrete temperatures, there is an equation 
between input variables and concrete temperature as listed below: 
 𝑇 = 12.425 + 0.32𝑡 + 0.694𝑇out − 0.064 (  ) − 0.107𝑔 + 0.028𝑑 − 0.018ℎ, 𝑅2 = 0.814. 
The non-linear equation is listed as follows: 
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 𝑇 = − 21.95 + 0.946 𝑡 + 1.731𝑇out − 0.356 (  ) + 1.705𝑔 + 0.02𝑑 − 0.007ℎ − 0.026𝑡2 − 0.203𝑇2 
out − 0.014𝑔2 + 0.007𝑇3 out,  
Where 𝑅2 = 0.873,  
In the equation, 𝑡, 𝑇out, 𝑔, (𝑊/𝐶), 𝑑, and ℎ are time (ℎ), environment temperature (∘ C), 
aggregate amount (Kg), water to cement ratio, concrete specimen diameter (mm), and height 
(mm), respectively. However, the research only explored the first 30 hours of concrete curing. 
The proposed SSCC system is able to monitor concrete temperatures for 28 days. Especially, the 
SSCC system uses the automatically recorded data to explore the relationship between 
environment temperature and concrete temperature during the whole period of curing. 
Furthermore, it doesn’t require technicians to spend money and time to keep track of temperature 
changes.  
Once the system provides predictions on environment temperatures in advance 
accurately, it can proactively send messages to engineers and construction managers to call their 
attentions. The system computes the correlation to predict the concrete temperature under certain 
environmental conditions. For example, Janković (2011) noticed that compressive strength of 
concrete depends on the type of cement and the age of the concrete with constant curing 
temperature.  
In big data analysis and prediction, researchers suggested to use multi-objectives genetic 
programming (MOGP) to solve the problem of time-dependent total creep of concrete 
(Ghasemzadeh 2016). For example, there were nine variables of concrete considered in this 
creep formulation. These variables include water-to-cement ration, water content, cement 
content, aggregate to cement ratio by weight, concrete mean compressive strength at 28 days, 
volume-to-surface ratio, age of concrete at loading, ambient relative humidity and time since the 
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application of load.  However, there are only a few factors of the concrete which have been 
measured extensively using experiments. For the neural network or multi-objectives genetic 
programming (MOGP), these two algorithms adjust the analysis or prediction models by 
continually assigning different weights to the factors. For this research project, the aim is to 
explore the relationships between the different temperatures. In other words, the temperatures are 
time series data and is just based on time, the dependent temperature and the independent 
temperature. So, the machine learning would be a better choice. Because machine learning is to 
build up the train set and test set based on the present data according to the different size of train 
set.   
Summary  
In this chapter, the author mainly reviewed the articles of concrete construction and 
curing, sensor network for concrete construction, and big data prediction for construction. For 
the part of concrete construction and curing, it suggests that the SSCC system has significant 
advantages and is necessary for practice. In addition, sensor network has a strong relationship 
with Internet of Things and potential to automate material testing in project management. Lastly, 
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CHAPTER III: METHODOLOGY 
Framework 
One reason of concrete failure at site is associated to the placing and curing procedures. 
Some common mistakes include removal of formwork, bracing or support material prior to the 
achievement of concrete’s initial strength; unclear definition of site conditions, and requirements 
of curing procedures; and discretion of the site staff for curing period of concrete structures, 
slabs, plasters, brickwork, etc. Figure 2 shows the four types of problems that engineers and 
construction managers have regarding concrete cure. Based on the four practical problems, this 
research suggests the research questions as listed in section 1.2. The framework of research 
methodology in Figure 2 also shows the scope of literature review and system design. In 
particular, this research involves experiments, data analyses with statistical methods, and big 
data prediction with machine learning. The literature review includes three parts, namely 
concrete testing, sensor network and Big Data prediction. The research needs to verify that the 
strength of concrete cured under the controlled conditions confirms to the published charts. 
Figure 3 shows the conceptual design of the experiment. Specifically, the experiment design 
includes the examination on the relationship between the temperatures of concrete on site and 
concrete cylinders in laboratory, observation of concrete strength development, and investigation 
of big data prediction. In the experiment design, the author uses sensor network as the platform 
for sensors to communicate with each other. The sensor network can automatically and 
constantly collect data through wireless connections. Particularly, the temperature data harvested 
through the sensor network have a high speed of velocity and enormous amount of volume, 








Sensor 2 is installed 
the surface of the 
structure





 has 2 temperature sensors.
Sensor signals received from the 
concrete sample will be detected 





35 concrete specimens will be formed at the same when 
pouring the concrete sample. One specimen will be broken 
for strength test every day. For the 3rd ,7th , 14th and 28th 
day, after concrete pour 2-3 samples will be tested 
The system sends control 
commands to the heater and 
cooler in the concrete incubator.
1 2 ... 17
3518 19 ...
Sensor 6 corresponding 
to Sensor 1





Figure 3. Conceptual design of experiment for temperature examination 
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Figure 4 shows the system structure for temperature examination. The SSCC system 
includes two modules, namely control module and collection module. The control module is able 
to timely adjust the temperature of the inside concrete specimens. The first step of the control 
module is to compare the inside concrete specimen temperature and the outside concrete sample 
temperature. The temperature control devices in this experiment use a fan to decrease 
temperatures for the specimens and a heater to warm them up. When the inside temperature is 
higher than the outside temperature, the fan will be on and the heater will be off. When the inside 
temperature is lower than the outside one, the fan will be of and the heater will be on. 
 
Figure 4.  Structure of the Smart and Synchronized Concrete Curing (SSCC) system  
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In the collection module of Figure 4, a computer works as the server of the SSCC system 
and runs the python code created by the author to request the temperature data measured by 
electronic boards using IP addresses. However, sometimes the computer could not immediately 
get the temperature data for the reasons of weak signal of Wi-Fi or no Internet connection. At 
this time, the exception and error handling unit starts to assign a zero to the missed data. The unit 
makes the code to keep running rather than stop. Additionally, there are three attempts for asking 
responses before the unit reports a connection error to users. The unit stores these temperature 
data into a Microsoft Excel file automatically.  
Statistical Analysis 
The aim of the statistical analyses is to verify the functionality of the SSCC system. The 
analyses include the following tests: (1) Test 1: Temperature verification of the system prior to 
installing sensors to concrete; (2) Test 2: Verify whether the thermometer readings measured on 
the concrete specimens (a.k.a. cylinders) are the same with the temperatures recorded in the 
system for the samples (a.k.a. concrete structures) cured in natural environment; (3) Test 3: 
Establish the relationship between strength data of concrete cylinders and published records; and 
(4) Test 4: Demonstrate the accuracy of big data prediction. Table 2 explains the connections 
between the statistical tests and the research objectives listed in Table 1. For Objectives 1 and 2, 
the author performs statistical tests to verify that the thermometer readings measured manually 
on the concrete specimens are the same with the temperatures recorded in the system for the 
samples cured in natural environment. For Objective 3 measurement, ideally these measurements 
will be performed for the first concrete sample at 20 minutes interval from 8:00 am to 5:00 pm 
for the first 7 days. Hence the total amount of samples would be ((60/20) * 8 * 7 = 168). For 
Objective 4 measure, the machine learning module of the system needs to use 80% of 
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temperature data collected in the experiments for training purposes. The rest 20% of data is used 
to verify the prediction accuracy.  
Table 2 




Objective 1 (Data 
collection) 
Measurement 
This project collects data on 70 concrete cylinders (35 regular 
concrete and 35 early-strength concrete) and 2 concrete construction 
structures with the dimensions of 2ft by 2ft by 5inches. During a 28-
day period of time, two concrete structures are made under the 
natural environment conditions. One is normal strength concrete; 
the other is early-strength concrete. For each concrete structure, 35 








Once the sensors measure the natural environment data, the system 







For regular concrete cylinders, the compressive strength tests start 
on the 3rd day after the concrete construction. For early strength 
concrete cylinders, the compressive strength tests start after 24 





Correlation coefficient (R-square test) regression 4 
For Test 1, the research uses the Z-test as the statistic method and the collected 168 
temperature data to analyze for the system effectiveness. The statistical Z-test is for the 
approximated normal distribution of data and to analyze the differences between two data sets of 
thermometer readings and system measurements. The first step is to calculate the differences of 
168 data pairs separately. The next step is to use the difference data as the new set in the Z-test. 
Because the ideal situation would be that the two sets have zero difference. Therefore, the null 
hypothesis is that the mean of difference would be zero. The calculation is to get the relative 
ranges with 90%, 95% and 99% confidence based on the assumption of normal distribution. 
Similar statistical analysis will be carried out on the Test 2.  
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For the analysis of concrete strength in Test 3, the author plans to use T-test to analyze 
the data. The sample size is 35. There is a strength curve about concrete cured under the air 
(Zemajtis, 2015). The purpose of this test is to verify whether the collected strength data have 
correlation coefficient with that curve. To calculate the difference between the collected strength 
data and the reading on the curve, the author interpolates points from the curve according to the 
time elapsed. Because most of the available concrete strength curves are abridged general views, 
they are for diagrammatic indication purposes but not for precise interpretations. Accordingly, 
the exact match at a specific moment between the cylinder strength and the graph interpolation 
doesn’t have practical meaning. Because the perfect situation would be that the differences 
between the two data sets are zeros. Therefore, it is suitable to use two sample T-test. The result 
report will usually give a 95% confidence interval for the difference of two samples  
Prediction  
The temperature predictions in this research include the concrete temperature forecast 
according to the natural environment temperature. There are two major factors in predicting 
concrete temperatures. Concrete generates heat at the beginning of placement. So, for the first 
period, the relation between the environment temperature and concrete temperature is a non-
linear regression. After three days, the concrete hardening process is completed (Zemajtis, 2015). 
The relationship between the natural environment temperature and concrete temperature would 
become linear regression as the concrete doesn’t generate too much heat. Therefore, two models 
would be used to predict concrete temperatures. One is no-linear regression; the other would be 
linear regression.  
In the concrete-hardening stage, the specific heat capacity of concrete is greater than that 
of air. In other words, the variation in concrete temperatures does not change as fast as the air 
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temperature fluctuates. For the concrete-hardening stage, there are two models of the non-linear 
regression. One is that the ambient temperature is greater than the concrete temperature; the 
concrete temperature increases as the ambient temperature increases. The other case is when the 
concrete temperature is greater than the ambient temperature, the temperature of the concrete 
will decrease as the ambient temperature decreases. It is very necessary to find the critical points 
when the two cases switch. The points happen when the ambient temperature equals the concrete 
temperature. 
Figure 5 shows the flowchart of concrete temperature prediction. The first step is to input 
the days of testing the concrete. Temperature changes are extremely dynamic for the first few 
days when pouring concrete. The prediction algorithms are therefore different depending on the 
individual days. The second step is to input the hours of testing time. For example, in Figure 5, 
the time interval (9:00 am to 21:00 pm) is to judge whether the environment temperature is 
higher than the concrete temperature. This interval is decided according to the observations made 
by the prediction algorithm in this project. This is not an accurate interval, especially for rainy or 
cloudy days. The machine learning capability of the prediction algorithm has the potential to 
adjust the interval according to site conditions and make the system suitable to different projects. 
During the period that this experiment took place, the concrete temperatures were higher than the 
natural environment temperatures. After making decisions, the third step is to input the 
environment temperatures. As a result, the SSCC system computes the concrete temperature 
forecasts according to the prediction algorithm based on machine learning. The concrete 
temperature forecasts have more advantages than the instantaneous and automatic measurements 
of temperatures to engineers and construction managers, because the temperature projections can 
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help them to be proactive and preventive to possible concrete failures caused by vast temperature 
fluctuations or enormous inconsistency. 
 
Figure 5. Prediction algorithm  
Summary  
Aiming at the requirements of the research, the author provided the specific framework, 
algorithms and methods to be used in the next chapter. After started the specific work of 
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programming and data analysis, the author noticed certain interesting characteristics of concrete 
in practical work. Chapter V includes the discussions of these features, which explain the details 






CHAPTER IV: EXPERIMENT DESIGN   
The experimental design in this research includes the system design of the concrete 
curing and testing, hardware design for system deployment, and software design for temperature 
measurement, curing synchronization, and big data prediction. Section 4.1 is for the concrete 
modules of the Smart and Synchronized Concrete Cure (SSCC) system. Particularly, this 
discussion of system design for concrete modules is not for the designs concrete mixture, 
formwork, engineering or construction details. It is for the explanation of making connections 
between innovative technologies such as sensor network, big data analysis and prediction, and 
conventional technologies such as concrete construction.  
Concrete  
The Framework of Experiment Design  
Figure 6 is the flowchart of the experiment steps. Step 1 is to pour two concrete structures 
on site. The two concrete structures contain one structure of regular concrete mix and one of 
early-strength concrete mix. Appendix B includes the pictures recording the concrete pouring 
processes. Both concrete structures have the dimensions of 2 feet X 2 feet X 5 inches. The 
specimens are cylinders with 4 inches in height and 2 inches in diameter and made at the same 
time when pouring the concrete structures. There are 35 specimens for each concrete structure. 
The total of 70 cylinders are cured in the Turner Lab 120 at ISU. Step 2 in Figure 6 is to use the 
control system to make the inside concrete specimens to have the same temperatures as what the 
outside concrete structures have. After the second step, it is the time to verify whether the 
temperatures tested by sensors are the same with the temperature data tested manually. 
Meanwhile, the third step is to test the strengths of concrete cylinders from the 3rd day to the 28th 
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day in the laboratory. Two specimens of each structure are tested on 3rd, 7th, 14th, and 28th days. 
For the rest of days, one specimens of each structure is tested. 
When placing the sensors into the concrete structures, one sensor would be placed on the 
top of sample concrete and the other one would be in the center of the concrete. Thus, there are 
two sensors for each concrete structure. When these specimens and two structures are 
constructed, it is time to start running the system and make the inside curing temperatures of the 
cylinders the same as the outside temperatures of the concrete structures. At the same time, there 
are two examiners who manually test the concrete temperatures using thermometers to verify the 
data tested by the system.  
Experiment Design 
Step 1: Make two structures outside for regular concrete mix and early-
strength concrete mix; Make 35 specimens in lab for each structure
Step 2: Use the system to make the inside 
concrete specimens to have the same 
temperatures with the outside structures 
Students manually test temperatures to 
verify the temperatures tested by sensors 





Figure 6. Flowchart of concrete experiments   
Preparation 
The preparation of the experiments start with the designs of the concrete structures, 
cylinders, and formwork. According to the size of samples and specimens, the first step is to 
calculate how much materials the project need. Table 3 lists the calculation.  
1 CF concrete =2 bags (60-lbs) = 120 lb. (according to the table 7)    (1) 
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1.92 CF Concrete = 230.4 lb.         (2) 
Table 3 
Material Preparation for Experiments 
Material Quantity 
Concrete Structure A: Regular concrete 2’ x 2’ x 5” = 1.667 cf 
Concrete Structure B: Early-strength concrete 2’ x 2’ x 5” = 1.667 cf 
Cylinder for strength tests: (Dia. 2”, Height 4”) 3.14 X 1X1X4/(12*12*12) = 0.00727 cf 
Structure A total 1.667  + 0.00727 X 35= 1.92 CF Concrete 
Structure B total 1.667  + 0.00727 X 35= 1.92 CF Concrete 
Considering inevitable concrete waste during construction, the 230.4lb would be rounded 
up to 250lb. For the quantity of early-strength concrete, Equations 1 and 2 are applicable for the 
quantity. For standard or regular concrete, the mixture ratio in this project would be 1:2:2 for 
cement, sand, and gravel (Naville 1995). According to this ratio, the project would need 
approximately 50lb cement, 100lb sand, 100lb gravel. Table 4 shows the count of bags of early-
strength concrete that the project would need and it referred Home Depot® website. The table 
helps to calculate the weight of a cubic foot of concrete. 
Table 4  
Weights of Early-Strength Concrete 














For the concrete structures constructed outside, the first step is to make frames for them. 
Therefore, the project also needs lumber wood and nails. The size of lumber wood would be 2x6 
by 8 ft. The pictures in Appendix B show the frames of formwork for the concrete structures. In 
addition, the lumber material is used to build a shelter for electronic boards and chargers. All the 
inside areas of each formwork are coated by plastic sheets. Eventually the concrete will be 
poured on the plastic sheets which work as the moisture barriers. The third step of preparation is 
to connect the wires and fasten the sockets with tape to prevent water ingress. Table 5 shows the 
quantities of main materials which the project needs for the concrete construction and 
experiments. 
Table 5 
Summary of Major Materials  
Number   Name  Quantity  
1 Portland Cement  50 lb 
2 Sand  100 lb 
3 Gravel  100 lb 
4 Early-strength concrete mix   250 lb 
5 Lumber wood 3 pieces 
6 Plywood 2 sheets 
7 Plastic sheet 2 sheets 
8 Nails (10D) 4 boxes 
Pouring Concrete and Making Specimens  
On Aug 17th, 2018, the structure and the cylinders of the early-strength concrete were 
constructed in the designated area. After the cylinders were made, they were immediately placed 
into the curing tanks. The experiment started with the early-strength concrete cylinders as the 
first ones because the materials were purchased as ready mix, which just needed to add certain 
amount water. According to the instruction of concrete mixture, 80lb concrete mixture needs 2.8 
liters of water for the quality requirements. The first step was to make the concrete mixer stable 
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to prevent inclination or accidents. Because the mixer was not big enough, the concrete mixing 
process happened twice to make enough fresh concrete. After mixing, the concrete was visually 
checked and ready for the slump test (see the pictures in Appendix B for details). When the 
slump test showed that the results were satisfied, the concrete pouring started. Following the 
standard procedure of concrete construction (Glasser 1997; IDOT Concrete Course 2018; Neville 
1995), the fresh concrete was cast into the formwork (a.k.a. frame). When the volume of 
concrete reached the half of the frame height, it was time to use a steel stick to poke the liquid 
concrete for hand compaction and make it stable and substantial. Then, the first sensor was 
placed in the central middle of the frame. After that, concrete pouring and hand compaction 
continued. When the frame was completely fulfilled, it was the time to place the second sensor 
on the top corner of the concrete structure. The following step was to cover the concrete structure 
completely.   
After the concrete structure made of early-strength mix was completed, it was time to 
make concrete specimens. The mixing procedure followed the same protocols. It was necessary 
to perform a slump test on every concrete batch. Hand compaction on the cylinders made them 
substantial. There were a total of 37 specimens for the early-strength mix, which were placed 
into two curing tanks. The tanks were modified from regular plastic storage bins to a temperature 
control tank. The details about the modification is discussed in the hardware part of Section 4.3. 
The height of the heater is 6 inches which is larger than the concrete cylinder height of 4 inches. 
On the first day of the experiment, the author noticed that the concrete cylinders should not 
completely immersed in the water inside the temperature control tanks. The author decided to put 
some sand into the tanks as the filler to avoiding immersing. Meanwhile, a sensor was placed in 
the water to test the temperatures of the specimens. There were two tanks for the concrete 
 
30 
cylinders. One had 18 cylinders and the other one had 19 cylinders. On the second day after the 
start of curing, it was time to use a knife and cut the plastic package of each cylinder before place 
them back in water. At this time, the water would completely cover the cylinders.  
On Aug 25th, the structure and specimens of normal strength concrete were made. Most 
of the steps were similar to the procedure of making the early-strength concrete, except the first 
step. Because the normal strength concrete was not in ready mix, the first step was to weigh the 
cement, sand and gravel materials according to the predetermined ratio (1:2:2). The next step 
was to mix the cement, sand and gravel materials without water. This was to prevent them 
separating. The ratio of water and mixture was 2.8L water for 80lb concrete. It is absolutely 
important to timely control the amount of water according to concrete viscosity because the ratio 
is a reference parameter.      
Concrete Cylinder Tests 
Figure 7 shows the equipment for testing concrete strength and collecting data. The 
testing machine has an ID #5982U5920. According to the ID, the following information is 





Figure 7. Equipment for testing strength 
(1) Features 
• Load measurement accuracy: +/- 0.5% of reading down to 1/1000 of load cell capacity option 
(2580 Series load cells) 
• Up to 2.5 kHz data acquisition rate option simultaneous on load, extension, and strain 
channels 
• Speed range of 0.00005 to 1016 mm/min (0.000002 in/min to 40in/min), depending on model 
• Lower base height for convenient access to the working test space 
• Customizable Control Panel 
• Compatible with Bluehill® Software 
• Automatic transducer recognition for load cells and extensometers 
• Extra height and width options available 
(2) Range of Models (5982) 
• 100 kN (22,500 lbf) capacity 
• 1430 mm (56.3 in) vertical test space* 
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• 1930 mm (76 in) vertical test space (Extra-height model) 
The testing machine for concrete strength is Instron electromechanical universal testing 
machine. There is a Dell computer recording the test data obtained from the testing machine. The 
software for recording data is Bluehill Universal testing software. The data is entered into 
Microsoft Excel by the software automatically. The concrete test is performed daily. The author 
operates the concrete cylinder tests in the following steps: (1) the operator turns on lights in the 
laboratory. (2) Wear safety glasses. (3) Check machine status and make sure all parts are 
connected correctly and tightly. (4) Turn on the power button of the testing machine. (5) Turn on 
the power button of the computer. (6) Open the software and set the parameter of concrete 
cylinder. (7) Adjust the testing bed. (8) Start testing. (9) Finish testing and storing the data into 
the removable disk. (10) Turn off the machine. (l1) Clean it up. (12) Close the software and turn 
off the computer.  
Clean Up 
There are two major cleanup tasks. One is to clean all tools used and restore the space 
after pouring concrete. Timely cleaning the mixer machine up is to avoid concrete stuck to the 
inside area. The second step is to wash all the tools used in the pouring procedure. The third step 
is to put all tools back to the original locations. The last step is to throw out redundant concrete 
and trash. The other major task is to cleanup concrete cylinders after finishing the strength tests 
every day. At the end of the experiments, the two concrete structures should be removed from 
the parking lot. Because they are too heavy to be threw away by human strength, a garbage 
collection service is scheduled for help. Before the garbage truck takes away the materials, it is 




The requirements on hardware include the following items: (1) Temperature is tested 
correctly by sensors. (2) The system should collect and store data automatically. (3) The control 
system could synchronously adjust temperature to make it almost same as the jobsite 
temperature. Based on these requirements, the system needs the following hardware items:  
(a) 1 router  
(b) 2 computers  
(c) 12 Node MCU boards (esp8266) 
(d) 5 electrical fans  
(e) 5 heaters  
(f) 10 relays 
(g) 10 sockets 
(h) 12 DS18B20 sensors 
The IP address of electronic board is assigned randomly when the code is uploaded into 
the Arduino boards. The Arduino esp8266 boards have the following features which make them 
suitable to the SSCC system. (1) Inexpensive; (2) Versatile; (3) Compatible with various 
development environments; (4) Flexible design and enhanced functions; (5) Abundant learning 
resources; (6) Convenient application development; (7) Incentive program; and (8) Active maker 
community (Gibb 2010). The sensors are DS18B201, because they are inexpensive ($1-$3 each), 
waterproof, and with a wide range of temperatures (-55C to +125C). Figure 8 shows the board of 




Figure 8. Node Figure 9. Sensor DS18B20 
Figure 10 shows how the system sends temperature data to the computer. The router 
connects the computer and all the boards to organize them in the same network wirelessly. In the 
network, the Node MCUs are arranged with IP addresses randomly so that the computer can 
recognize the Node MCUs by their IP addresses. Figure 11 shows how the whole system is 
connected. There are nine boards, nine sensors, one router, one laptop, five relays, five fans and 
five heaters. The solid lines in the figure mean that the connections between them are through 
cables or wires. The dashed lines are wireless connections. In the experiment, the fan is used to 













Figure 11.  Device connections in the entire system 
There are wire and wireless connections in the SSCC system as shown in Figure 11.  
When the temperature of the concrete cylinders inside the curing tanks (Ins-Temp) controlled by 
the fan or heater is higher than the temperature of the concrete structure outside (Out-Temp), the 
fan will be on and the heater will be off. On the contrary, when the Ins-Temp is lower than the 
Out-Temp, the fan will be off and the heater will be on. Figure 13 shows a picture of the 
temperature control devices (a fan and heater) installed to the concrete curing tanks (plastic box). 
The relays (next to the fan in the picture) control the heater and fan to work. Figure 14 shows the 
picture of concrete cylinders in the curing process monitored and controlled by the SSCC 
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system. The cylinders in the picture are in early-strength concrete when they were placed in the 
tank on the first day of curing.  
 
 
Figure 12. Tank with heater and fan Figure 13. Concrete cylinders in curing process 
 
  Table 6 lists the identification details of the sensors and the boards. According to the 
sensor number, the Node MCU (or board) connected with the sensor could be seen by the 
computer when the board was uploaded to the computer with the code. Sensors are installed at 
different locations inside or on the surfaces of a concrete structure. Both the sensor number and 
board ID help to pinpoint the exact location of the temperature measured. The third column of 
Table 6 shows the specific information about the location of each sensor in this experiment for 
temperature measurement and curing synchronization. The fourth column in the table shows the 
paired sensor number as the comparison object for the SSCC system to decide on the activation 
of temperature control. One is outside, and the other one is inside the laboratory (in this case, 
Turner Hall Room 120). For example, sensor number 1 is installed at the center of the early-
strength concrete structure. Sensor number 6 is the comparison sensor for sensor number 1. The 
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temperature of the number 1 tank with the sensor number 6 would be adjusted to have the same 
temperature with the sensor number 1. Sensors can collect data in every 5 seconds continuously. 
The system can save all the automatically sensed data. For verification and calibration of the 
measurement system, there are two examiners manually and separately measure the environment 
temperature data of the concrete structures poured at the open ground. 
Table 6 
Identification Details of the Sensors and the Boards 
Sensor 
Number 
ID of Board 
connecting sensor 





1 28ff8684301801d2 Center of early-strength concrete structure 
outside  
6 NA 
2 28ff2ab5331801e3 Top of early-strength concrete structure outside  7 NA 
3 28ff4f12411801af Center of normal standard concrete structure 
outside 
8 NA 
4 28ff2f36611801d5 Top of normal standard concrete structure 
outside 
9 NA 
5 28ff4d46511801e7 Outside ground  NA NA 
6 28ff4f123791801af Inside the curing tank for temperature 
measurement of cylinders. The purpose is to 
adjust the temperature (Ins-Temp) to be the 
same as what sensor number 1 measures. 
1 1 
7 28ff4f148761801a4 The water tank in the same temperature with 
number 2 senor theoretically in lab 120 
2 2 
8 28ff4f46511801c3 The water tank in the same temperature with 
number 3 senor theoretically in lab 120 
3 3 
9 28ff4f124118016f The water tank in the same temperature with 
number 4 senor theoretically in lab 120 
4 4  
Note. Paired sensor number is the number of corresponding sensors in the outside concrete 
structures. 
Software 
The Node MCU boards in the natural environment work as severs to run the uploaded 
Sensor-Board-Connection Code and respond to the IP requests. Figure 14 shows a sample result 
when the author uploaded the code to the board. When the SSCC system starts, the Node MCU is 
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uploaded with the Sensor-Board-Connection Code and is assigned randomly with an IP address 
which is 192.168.0.109 in this case. Then the Node MCU keeps the IP address and sends the 
measured temperature information to the request object after tagging the IP address to the 
temperature reading. Figure 15 is a screenshot showing how to get the temperature data on the 
Internet by typing the IP address of a board. In this http test, an IP address is requested. Figure 15 
shows that there is temperature information read by the sensor connected to the board with the IP 
address. The programming language used for Arduino platform environment is C Language. The 
rest of the SSCC system uses Anaconda (Python) for the functions such as sensor testing and 
temperature control. For the data collection functions, the computer runs the created Python 
program to request the temperature data from all boards by using their IP addresses. Figure 16 
shows the Python code for server collection and  figure 17 shows the program code for retrieving 
temperatures. This part of the program runs on Spyder platform (Python 3.6).   
 




Figure 15.  Request on web 
 
 




   Figure 17. Retrieving temperatures 
Figure 16 shows that the client mode, which demonstrates how the request object gets the 
requested contents from the Server One. In addition, Sever One is always the outside Node 
MCU. The inside Node MCU has two modes, client mode and server mode. The inside board 
firstly needs to get the outside temperature to compare the Out-Temp and Ins-Temp. According 
to the comparison result, the board tells relays how to control the heaters and fans. Then the 
inside board needs to become the sever mode to respond the request from the computer. The 
computer fetches the data by requesting the IP addresses. The computer needs to use the IP 
addresses to input the collected data to an Excel file.    
Figure 18 shows the sample result of collecting and storing data. The picture is a 
screenshot of an Excel file, in which there are some zeros in the first two records of Column B. 
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That is because the SSCC system gives a zero when there is no response from the IP address of a 
board. The reasons for no response could be no connection with router or weak signal.   
 
Figure 18. Temperature data stored in Excel 
 
Summary  
For experiment design, the author focused on concrete experiments, hardware details and 
software testing. The author used Arduino as the platform to upload codes to boards and run the 
python code on Spyder to collect data. The software module of data collection can build the 
foundation for big data prediction. In addition, there are abundant learning resources and 
packages for these two platforms which can help the software system design.   
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CHAPTER V: DATA ANALYSIS AND DISCUSSION 
There are three types of tasks in this data analysis discussion. The first type of tasks is to 
analyze concrete data, including strength development over time. The statistical analysis of 
concrete data is based on the Test 3 described in Table 1 to answer the Hypothesis #3. The 
second type of tasks is to evaluate the temperature data using statistical Tests 1 and 2. The 
purpose is to answer Hypotheses #1 and #2. The third type of tasks is to investigate big data 
prediction to proactively prevent concrete failures. 
Concrete Data Analysis 
Strength Test Data 
Strength tests are performed on the concrete cylinders daily after the 3rd day of 
construction for early-strength concrete and the 5th day of construction for regular (normal) 
strength concrete. Figure 19 shows the results of strength tests on the cylinders of early-strength 
concrete on the 6th day of curing in the SSCC curing tank. There are two specimens tested and 
compared in the figure, which clearly records the date of testing and the results of strengths. In 
addition, the results also include the mean and standard division of the concrete strengths of the 
two sample cylinders. The strength data of early-strength concrete are collected from the 5th day 
to the 28th day of construction. Table 7 lists all maximum strengths of the testing cylinders made 
of early-strength concrete and normal strength concrete, compared to the published strength data 
of normal strength concrete over different curing days. The concrete testing cylinder has a base 
area of A = 3.1415*R^2, where R is the radius of the specimens. In this experiment, the radius of 
the specimens is 1 inch. Then, according to the formula S=P/A, where S is the compressive 
strength, P is the maximum load, and A is the area. For example, the compressive strength of 5th 




Figure 19.  Sample result 
Table 7  
Result of Testing Early-Strength Concrete. 
days 
















3 6911.4 2200.032 NA NA 10 1450.38 
4 7986.5 2542.257 NA NA 12.5 1812.975 
5 4166.5 1326.277 3626.2 1154.289 15 2175.57 
6 9158.87 2915.445 7174.2 2283.686 17.5 2538.165 
7 5546.57 1765.58 6872.85 2187.761 20 2900.76 
8 8019.63 2552.803 5674.9 1806.43 20.72 3006.24 
9 6498.1 2068.47 5797.67 1845.51 21.45 3111.72 
10 10034 3194.016 7662.5 2439.121 22.18 3217.2 
11 9154.9 2914.181 5887 1873.946 22.91 3322.68 
12 7073.9 2251.759 6722.8 2139.997 23.636 3428.17 
13 5532.85 1697.549 7637.5 2431.163 24.36 3533.65 
14 8177.27 2602.983 7900.6 2514.913 25.09 3639.14 
15 10767 3427.344 6969.9 2218.654 25.81 3744.6 
16 9109 2899.57 13023 4145.472 26.54 3850.1 
17 8979 2858.189 8196.26 2609.028 27.27 3955.58 
18 2996 953.6845 10250.6 3262.964 28 4061.064 
19 10501 3342.671 3688.9 1174.248 28.5 4133.583 
20 6238 1985.676 8135.6 2589.718 29 4206.102 
21 8771 2791.978 8816.1 2806.335 29.5 4278.621 
22 7630 2428.776 9082.89 2891.259 30 4351.14 
23 10945 3484.004 9161.67 2916.336 30.5 4423.659 
24 11257 3583.32 13384.89 4260.668 31 4496.178 
25 10244 3260.863 8112.3 2582.301 31.5 4568.697 
26 8109.2 2581.315 6312.59 2009.419 32 4641.216 
27 10391 3307.656 7373.38 2347.089 32.5 4713.735 




Multiple factors can affect concrete strength. They include water/cement ratio, quality of 
raw materials, coarse/fine aggregate ratio, curing duration and quality of concrete, compaction 
method of concrete, temperature variations, and relative humidity, for example. The influencing 
factors contribute to the reason why the published data should be used as guidelines and 
references, not precise thresholds. Therefore, the purpose of statistical analyses on the strength 
data of concrete cylinders is to evaluate whether the strength data demonstrate the same behavior 
of strength development as shown by the published data (Zemajtis 2015).  
Prior to the statistical analysis, data cleansing helps to exclude outliers which may 
mislead the analysis and cause bias. Appendix C includes the detail of data cleansing. Figure 20 
shows the line plot of strength data obtained from early-strength concrete cylinders and a 
comparison to the published chart (Zemajtis 2015). The figure shows that the strength of the 
early-strength concrete is generally lower than the published data. The reasons for this situation 
include that the radius of the test cylinder is too small (as discussed experiment conditions), 
together with the fact that the published data is for normal strength concrete, but the specimens 
of this experiment are early-strength concrete. The figure also shows the correlation of the tested 
and the published data for the early-strength concrete. The Pearson correlation is 0.830, which 
suggests that there is a strong correlation between the published data and the early-strength 
concrete strength. Figure 21 shows the fitted line plot of the strength data of early-strength 
concrete. The equation of linear regression is: strength of early-strength concrete = 1392+56.3 
days. The R-Square (R-sq) is 60.3%, which is not high or low. Therefore, the variance of early-
strength concrete specimens is a relatively medium value, which is due to the limited amount of 
specimens tested.  
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Figure 22 shows the line plot of test data and published data for normal strength concrete. 
The figure shows that the strength of normal strength concrete is lower than the published data in 
general. The possible reasons for this situation include small cylinders (per aforementioned 
experimental conditions) and different mix ratios (Glasser 1997; Neville 1995). The Pearson 
correlation of normal strength concrete strength and published data is 0.804, which suggests that 
there is a strong correlation between the published data and the normal strength concrete 
strength. Figure 23 shows the fitted line plot generated from the equation of linear regression 
(strength of early-strength concrete = 1524+70.72 days). The R-sq is 61.9%, which is not high or 
low. Therefore, the variance of normal strength concrete specimens is a relatively medium value, 
which is due to the limited amount of specimens tested. 
 




Figure 21.  Fitted line of the early-strength concrete 
 




Figure 23.  Fitted line of the normal strength concrete 
Overall, the data of concrete strength tests show variances from the standard curve of 
concrete strength development. The reasons for the variances are: (1) inconsistency of concrete 
mix; (2) low quality in making concrete testing cylinders; (3) the radius of the test cylinder is too 
small (due to aforementioned experimental conditions); (4) limited budget and quantity of 
materials on concrete testing. These reasons can occur in real-world concrete projects. To 
improve the reliability of the cylinder test data, the author utilized the innovative technology of 
big data prediction. Further details are described in Section 5.3. 
Temperature Data 
Recording Temperature with Sensors 
(1) Temperature verification 
Before starting the experiment, it is necessary to verify if the temperatures tested by sensors are 
the same as the temperatures tested by the thermometer. The temperature verification includes 
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the comparisons of the data tested by two sensors and one thermometer. After collecting 31 sets 
of temperature data, comparisons were made. In theory, the three sets of data should be the same. 
However, it is impossible because there are some unavoidable differences, such as changing 
temperatures and measurements at different locations in the water tank. Consequently, the next 
step is to use statistical methods to analyze them. Figure 24 shows the result of the two-sample 
T-test on the temperature tested by sensor P1 and sensor P2. 
 
   Figure 24. Comparison of sensor P1 and sensor P2 
According to results on the Figures 21, 22 and 23, there is no much difference between 
temperature data tested by sensors and by thermometers. So it could be concluded that sensors 
are reliable to measure temperature data. 
 





Figure 26.  Comparison of sensor P2 and thermometer. 
(2) Temperature Synchronization 
After testing temperatures with two sensors and one thermometer, it could be concluded 
that these sensors worked well before starting the experiment. There are three sets of temperature 
data, including the natural environment temperatures, the temperatures of concrete structures 
outside, and the temperatures of concrete cylinders inside curing tanks. According to the 
objectives in the methodology section of this thesis, the researcher needs to collect 168 pieces of 
data for each set. If all the data collected by sensors and measured manually are the same, the 
system would have the necessary accuracy in monitoring and synchronizing temperatures. The 
screenshots in Appendix D show the data of environment temperatures tested by sensors and 
manually tested by the author. Figure 27 shows the two sample T-test on the environment 
temperatures tested by sensors and measured manually. The interval (-1.416, 1.280) has 95% 
confidence for difference. Since the p-value is 0.921, which is greater than 0.05, there is no 
difference between their means. After calculating the differences between the environment 
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temperatures tested by sensors and by the author, Figure 28 plots the differences to show that all 
differences between them do not exceed 2 degrees Celsius. 
 




Figure 28. Differences between environment temperatures tested by sensors and by the 
researcher 
Figure 29 shows the two-sample T-test on the temperature data tested by sensors and 
measured manually for the surface area of the concrete structures outside. Figure 30 shows the 
differences between concrete temperatures tested by sensors and by the author. It is a wide range 
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of differences in temperatures measured at each moment for the four days. Because the concrete 
structures became hardened during the four days, the thermometer could not be completely 
installed into the concrete. Hence, the data tested by the thermometer is close to the natural 
environment temperature, but not to the surface temperature of concrete. 
 
Figure 29.T-test for temperature differences of concrete structure tested by sensors and by 
human 
 
Figure 30. Temperature comparison tested by sensor and by human on structure surface.  
In Figure 31, the interval (-1.159, 0.974) has 95% confidence for difference. In addition, 
the p-value is 0.864, which is greater than 0.05. Therefore, it can be concluded that there is no 
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difference between their means of the temperatures measured automatically by sensors and 
manually by a thermometer. Figure 32 shows the difference range between specimen 
temperatures tested by sensors and by the author. According to the figure, most of the data of 
differences are in the interval (-0.5, 0.5). There is only one difference exceeds 1.5.   
 





Figure 32.  Range of differences. 
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Using Sensors to Control Temperature for Cylinder Cure  
After testing the measurement of sensors, it is time to test the control functions of the 
temperature synchronization module of the SSCC system. The purpose of data analysis is to 
verify that the control functions of the system could adjust the temperatures of cylinders 
according to the temperatures of the concrete structures outside. The figures in Appendix D 
“Temperature Data” have the following detailed temperature data: (1) temperatures measured 
at the centers and on the surfaces of the concrete structures construction outside; (2) temperatures 
measured for normal-strength and early-strength concrete structures; (3) the plot of sensor-
detected temperatures of the outside structures compared with the temperatures of corresponding 
cylinders in the curing tanks; (4) differences between Out-Temp and Ins-Temp; and (5) T-tests 
on the Out-Temp and the Ins-Temp. The following discussion focuses on the temperature data of 
normal strength concrete. The analysis method for early-strength concrete should be the same.  
The experiment of temperature control and synchronization on concrete cylinders lasted 
from August 25th to September 25th, 2018. Figure 33 shows the time lags of temperatures 
between the surface temperature of concrete structure outside (Out-Temp) and the corresponding 
specimens’ temperatures (Ins-Temp). Most of the points in Figure 33 converge between -2 
degrees Celsius and +2 degrees Celsius. This confirms to the system settings. In this system, the 
temperature difference is predefined to be within 2 degrees Celsius for the system to idle and 
wait to work. The temperature value of 2 degrees Celsius is obtained by trial and error. If there is 
not such a buffer of temperature difference, the SSCC system will be extremely sensitive. For 
example, the system would have instantly started to work even for a temperature difference of 
0.01 degrees Celsius if it did not have the buffer. This would overload the system and create 
safety hazards. Even though the SSCC system maintains the temperature difference of 2 degrees 
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Celsius between Out-Temp and Ins-Temp, the following data analyses on them present that both 
temperatures change in the same direction and amount.  
+2 degrees
-2 degrees
System sends warning messages 
for connection check.
 
Figure 33. Time lags of temperatures between the concrete structure outside and the cylinders in 
curing tank. 
The statistics analyses on Out-Temp and Ins-Temp data provide the answer to 
Objective 3 Hypothesis: “The system is able to adjust the temperatures of the concrete 
specimens”. Table 8 lists all the results of the T-tests on the Out-Temps and the Ins-Temps. 
Overall, the differences between the Out-Temps and Ins-Temps are within one degree Celsius 









Results of T-tests 
 Test 1  Test 2   Test 3 
 Sample 1 
 
































N 1372 1372 7246 7246 7032 7032 
Mean  27.80 26.88 25.44 25.81 24.74 24.49 
St. Dev 2.71 3.02 4.90 5.16 4.44 3.53 




0.921  -0.3680   0.2557 
95% CI (0.706,1.136)  (-0.5318, 
-0.2043) 
  (0.123,0.3883) 
T-value  8.39  -4.41   3.78 
P-value 0.00  0.00   0.00 






 8/25 2018 
-  
9/24 2018 





Big Data Prediction 
 The big data prediction on concrete temperature changes using machine learning 
includes three major tasks, namely training, prediction and validation. The temperatures 
measured in previous experiments using sensors provide enough data for all the three tasks. The 
temperature data are collected from sensor number 1 through 9 as listed in Table 6.  
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Training of SSCC System 
In the training stage, the SSCC system learns from the concrete temperature behaviors 
and compare the fluctuations of concrete temperatures with the environment temperatures. In the 
previous analyses, the author studied the temperature differences at different locations (centers 
and surfaces) of the concrete structures (normal-strength and early-strength). The environment 
temperatures during daytime and night time should be different as well. Based on this 
understanding, Figure 34 shows the temperature time series of natural environment temperatures 
and surface temperatures of normal-strength concrete structures. The two sets of time series 
indicate that the surface temperatures fluctuate less (more stable) than the natural environment 
temperatures. This explains that the specific heat capacity of concrete is greater than the ambient 
air. Figure 35 shows the differences of these two sets of temperature series. The time series of 
temperature differences between environment and normal strength concrete surface fluctuate 
regularly every day. At the beginning, there is a fast-moving straight line, whose end is close to -
20 degrees Celsius. That is because the concrete generated heat at the beginning, which makes 
the concrete temperature to be higher than the natural environment temperature. To train the 
SSCC system with the temperature time series, it is necessary to train separately according to the 
following parameters: (a) concrete type; (b) location of the temperature measured; (c) time of 




Figure 34. Two sets of temperature time series for environment temperature and surface 









Figure 35. Temperature differences 1 
In this research, the concrete types include normal-strength concrete and early-strength 





structures outside. Figures 36 and 37 show the necessity of training the SSCC model differently 
according to the temperatures obtained from different locations.  
 
Figure 36. Time series of environment temperature and center temperature of normal-strength 
concrete structure 
  
Figure 37. Temperature differences 2 
The time of day variable includes daytime and night time. Figures 35 and 37 show the 
need to train the SSCC model separately for the temperatures during daytime and night time. 
Both figures show regularly fluctuations in 24 hours per day. Figures 38, 39, 40, and 41 show the 





the surface temperatures of the normal-strength concrete structure demonstrate different 
development paths from what the natural environment temperatures change. In the next two 
days, the two development paths fluctuate in the same pattern. Hence the training of the SSCC 
system should consider the parameters of concrete type, location, time and stage. Table 9 shows 
the types of training temperature data for the SSCC system, where D means daytime and N 
means night time. The figures in Appendix E show the partial software program for data 
selection according to the training types and the Python code. 
  
Figure 38. Concrete surface temperature and 
environment temperature on Day 1 
(8/25/2018) of the normal-strength concrete 
structure 
Figure 39. Day 2 
 
 








Training Data Types 
Normal Strength Concrete Early-Strength Concrete 
Center 
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Prediction 
In the prediction module of the SSCC system, the first operation is to create different sets 
of data based on the training experiences. Equation 3 below is a piece of Python code to create 
the 4 sets of data for the surface temperature of the normal-strength concrete structure. In 
Equation 3, the value of 0.2 means that the prediction uses 20% of the temperature data to make 
the Test Set. Hence the training uses 80% of the recorded data to make the Train Set. The 
train_test_split() function in scikit-learn generate a training set and a test set. Dividing the data 
in this way allows the SSCC system to evaluate how the model will perform when it faces data 
that has never been encountered before. If the test data is used to train the model, it will be 
difficult to determine if the model is over-fitting. The function of Train_test_split() returns 4 
objects. There are three critical lines of software code which are used to build up the prediction 
module as shown in Figure 31. 
X-train, X-test, y_train, y_test=train_test_split(x,y,tets_size=0.2)    (3) 
Where X_train: used as a subset of training data; and  
 
• X_test: the subset of test data, which will be used to test trained models; 
• Y_train: the target variable corresponding to X_train; 
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• Y_test: the target variable corresponding to X_test. 
 
 
lm = linear_model.LinearRegression() 
model = lm.fit(X_train,y_train) 
print(model.intercept_,model.coef_) 
Figure 42. Building up the module of prediction 
 
Validation 
 According to steps of machine learning, the system validation takes more test sets to 
check this prediction model. Figure 42 shows the software code to evaluate the model by using 
the Test Sets. Based on the observations on Figures 38-41, the relationships between 
environment temperature, concrete surface temperature and concrete center temperature include 
the following situations: (1) substantial divergence in the first two days after the beginning of the 
curing process; (2) close conformity when the environment temperature is greater than the 
surface temperature after the beginning of the third day of concrete construction; (3) when the 
environment temperature is less than the surface temperature after the beginning of the third day; 
(4) when the environment temperature is greater than the center temperature after the third day; 
and (5) when the environment temperature is less than the center temperature after the third day. 
The following discussions of validation cases incorporate the details of these five situations.  
• model.score(X_test,y_test) 
• print ('R^2 is: \n', model.score(X_test,y_test)) 
Figure 43. Using Test Set to Evaluate Model 
Validation Case 1: Predictions in First Two Days 
Because concrete generates heat at the beginning of the curing process, especially the 
first day, it is necessary to divide the data into two parts according to the dates. After analyzing 
the time series of temperature data from 8/27 to 9/24, Figures 44 and 45 show the relationship 
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between the surface temperature and the center temperature of the normal-strength concrete 
structure. According to the change of speed, the specific hours are divided in the first two days of 
data. Table 10 shows the prediction equations.  
• data82501= data1[(data1.index > '2018-08-25 15:00')&(data1.index < '2018-08-25 21:00')] 
• data82502= data1[(data1.index > '2018-08-25 21:00')&(data1.index < '2018-08-26 10:00')] 
• data82503= data1[(data1.index > '2018-08-26 10:00')&(data1.index < '2018-08-26 16:00')] 
• data82504=data1[(data1.index >'2018-08-26 16:00')&(data1.index < '2018-08-27 0:00')] 
  
Figure 44. Time series of temperatures on 
Day 1 




Different Models for the Relative Time Interval  
Time interval  Regression Equation (using train 
set) 
Model Evaluation (using test set)  
2018-08-25 15:00 to 2018-08-25 21:00 y=1.70x-23.78 (R-sq=1) R-sq=0.9989 
2018-08-25 21:00 to 2018-08-26 10:00 y=1.34x-7.86   (R-sq=1) R-sq=0.9969 
2018-08-26 10:00 to 2018-08-26 16:00 y=0.91x+68.29 (R-sq=0.32)  R-sq=0.116 
2018-8-26 16:00 to 2018-8-27 0:00 y=0.7x+12.49(R-sq=0.94) R-sq=0.9193 
 
Validation Case 2: From Third Day to End, When Environment Temperature > 
Surface Temperature 
The SSCC system uses the train set data to get the intercept and coefficient. After running 
this code, the system obtains a result for the research. The intercept of the model is 
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4.11176657411368147 and the coefficient of the model is 0.74099988. Figure 46 shows the 
result of the code of Figure E.3 in Appendix E. The result shows the relationship between the 
natural environment temperature and the surface temperature of the normal-strength concrete 
structure. In the figure, the title of X-axis and Y-axis is “top of normal” and “environment 
temperature” in separate words. Figure 47 shows an equation (y=0.74x+4.14), where the R-
square is 85%. The 85% is obtained from the Train Set. All these data match the train set data 
when the model was created. The R-square of 85% means the reliable value. Hence the model is 
reliable. After running the code in Figure 43, the following R-square is obtained: 
0.86349881630901137. This number is obtained from the Test Set, which verifies that this model 
is reliable. 
 
Figure 46. Case when the environment temperature is higher than the surface temperature of 




Figure 47. Prediction graph 1 
Validation Case 3: From Third Day to End, When Environment Temperature < 
Surface Temperature 
 The temperature data used in the validation case 3 is from the beginning of the third 
day of concrete construction in the experiment. In this validation case, the ambient temperature is 
lower than the surface temperature of the normal-strength concrete structure. Figure 48 shows 
the validation case where the environment temperature is always lower than the surface 
temperature of the normal-strength concrete structure. Figure 49 shows that there is an equation 
(y=0.94x+3.56) for prediction.  R-square from the training data is 91%, The R-square value of 
91% means that the model is reliable. The result shows that the accurate intercept of the model is 
3.5592190481763915 and the accurate coefficient of the model is 0.93722023. After using the 
test set to evaluate the model, R-square is 0.90433877119714179, which suggests that the model 




Figure 48. Case when the environment temperature is lower than the surface temperature of 
normal strength concrete 
 
Figure 49. Prediction graph 2 
Validation Case 4: From Third Day to End, When Environment Temperature > 
Center Temperature 
 The temperature data used in the validation case 4 is from the beginning of the third 
day of concrete construction in the experiment. In this validation case, the environment 
temperature is higher than the center temperature of normal strength concrete. This validation is 
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to analyze the center temperature of the normal-strength concrete structure and compare it with 
the natural environment temperature. Figures 50 and 51 show the results. The prediction 
equation is (y=0.59x+7.34). R-square is 70%, which is not a high value. But the model is still 
reliable. The accurate intercept of the model is 7.3445587740996388. The accurate coefficient of 
the model is 0.589895. After using the test set to evaluate the model, R-square is 
0.66915406437498859, which is lower than 70% and suggests that this model is reliable. The 
70% threshold is from the website 
(http://www.dmstat1.com/res/TheCorrelationCoefficientDefined.html).  
 
Figure 50. Case when the environment temperature is always higher than the center temperature 




Figure 51.  Prediction graph 3 
Validation Case 5: From Third Day to End, When Environment Temperature < 
Center Temperature 
 The temperature data used in the validation case 5 is from the beginning of the third 
day of concrete construction in the experiment. In this validation case, the environment 
temperature is lower than the center temperature of normal strength concrete. Figure 53 shows 
the prediction equation (y=0.91x+5.15). R-square from the training set is 83%.  The value of 
83% means that the model is reliable. The accurate intercept of the model is 5.153819484959385 
and the accurate coefficient of the model is 0.91093826. After using the test set to evaluate the 




   Figure 52. Case when the environment temperature is lower than the center temperature of the 
normal strength concrete  
 
Figure 53. Prediction graph 4 
 
Summary  
After finishing data analysis, the results show that the system is reliable and stable. In 
addition, there are non-linear relationships between the environment and concrete temperatures. 
Specifically, there is a strong relationship between the center and surface temperatures of 
concrete. Moreover, there is a strong relationship between the natural environment temperature 
and concrete temperature from the third day of construction to the end of the experiment. 
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However, the relationship between the environment temperature and concrete temperature is so 
complicated that an individual and specific model is insufficient for them.   
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CHAPTER VI: CONCLUSION 
Concrete is significant and complicated. It is meaningful to timely learn about the present 
situation of concrete. Prediction in advance helps to avoid negative results. Particularly, timely 
learning about the present situation of concrete could help people to save time and money. They 
could reduce the unnecessary waiting time for curing once the concrete on jobsite has achieved 
the designed strength. Reliable prediction has great potential to help construction companies 
avoid needless monetary losses and danger to their employees. Aimed to this purpose, the author 
mainly fulfilled the following three tasks in this research. The first task is to finish the control 
module of the Smart and Synchronized Concrete Curing (SSCC) system, which is used to 
simulate the environment of the job-site concrete. The second task is to complete the collection 
module of the SSCC system, which is used to record and store temperature data automatically.  
The third task is to build up a prediction system which could forecast valuable information and 
report warnings when the abnormal results are about to happen.  
Summary of Findings  
The research finished the evaluation of the Smart and Synchronized Concrete Curing 
(SSCC) system. After finishing the data analysis, the results show that the system is reliable and 
stable. There are two main functions verified. One is the function of measurement, and the other 
one is the efficiency of the control module. There were three sets of comparison data. Before the 
experiment, the author used a thermometer to verify the reliability of sensor testing. It can be 
concluded that there is no difference between the means of sensor data and thermometer data. 
During the experiment, the author compared the environment temperature data separately 
collected by a sensor and by a person. The result also suggests that the accuracy of measurement 
is reliable. Then, the author verified the function of the automatic adjustment. The system was 
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very reliable and stable. In this system, the temperature difference is predefined to be within 2 
degrees Celsius. In this research, when the system became stable, differences of most paired data 
were within 2 degrees Celsius as well. 
There is no linear relationship between the concrete temperature and environment 
temperature. There is strong relation between the surface concrete temperature and the center 
concrete temperature. Starting from the third day, there are strong relationship among the natural 
environment temperature, the concrete surface temperature and the concrete center temperature.   
Limitations  
There were limited number of specimens tested in this research. In addition, the size of 
specimen’s cylinder is small for the limited capability of the testing machine. Thus, the results of 
concrete data analysis are not ideal. In the Smart and Synchronized Concrete Curing (SSCC) 
system, the fan could not effectively cool the specimens in the lab when the outside temperature 
became cold at night. This is because the temperature of the lab was always around 22 degrees 
Celsius during the experiments.   
Future Work 
For future research, the author suggests building up a concrete cloudy platform. Concrete 
is complicated. There are many factors that impact concrete strengths. For an example, different 
areas have different climates, which leads the different environment temperature and humidity. 
Different types of cement and different mixture ratios are also the common critical factors. 
However, when more researchers could upload their present concrete data and share specific 
information about concrete, the platform would have rich data and could give researchers a more 
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(SSCC) system  
Firstly, the system is able to control the laboratory curing conditions 
of concrete specimens and make the temperature of specimens in 
laboratory same with the outside concrete structure.  
Secondly, the system is able to automatically record the temperature 
data.  
Big data and sensor 
network (BDSN) 
Sensor network is built up to make nodes communicate with each 
other and collect information from nodes. The Big data is used to 
make prediction according to the collected data.  





APPENDIX B: PROJECT PHOTOS 
Before starting pouring the concrete, it is important to do concrete slump test. The test 
result will show if the concrete is qualified. The concrete slump test was made in lab 120.  
The picture B.1 shows the tool used for the test. 
 




APPENDIX C: SUPPLEMENTARY DATA OF STRENGTH TESTS  
Figure C-1 shows the boxplot of strength data of the early-strength concrete specimens. 
On this figure, there are two outlier points which are beyond 4000 psi. One is 4145.472 psi, 
which is tested on the 16th day. The other one is 4260.668 psi, which is tested on the 24th day. 
These two points are deleted before the analysis of strength development in early-strength 
concrete cylinders. 
 





APPENDIX D: TEMPERATURE DATA 
Figure D.1 shows the temperature data (partial results) tested by two sensors and one 
thermometer for system verification prior to the start of sensor installation to concrete. This task 
aims to verify the functionality of sensors and data collection of the SSCC system. The author 
first installed and tested the heater and fan in the curing tank as shown in Figure 11. In this 
experiment, the author placed two sensors into the water of the curing tank. Then the heater 
started to warm the water. The two sensors sent data to the computer on Arduino. The author 
used a thermometer to manually test the water temperature simultaneously.  
 
Figure D.1 Temperature tested to verify sensor functionality 
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Figure D.2 includes the temperature data (partial results) tested by one sensor and one 
thermometer for system validation after the start of installing sensors to concrete. The SSCC 
system calculates the temperature differences and records them in the database. If the system 
notices that temperature difference is greater than the previous defined thresholds, the system 
activates certain functions. 
 




Figure D.3 shows partial temperature data of the normal strength concrete structure. The 
temperatures are tested by the sensor installed on the top surface of the structure and manually 
tested by the author. It would be difficult to place the thermometer into the center of concrete 
after the concrete material is hardened, when it is two days after pouring the concrete. So the 
concrete temperature tested by the top sensor is used to compare the tested data by the author.  
 




Figure D.4 shows partial data comparisons between the temperatures of concrete 
cylinders tested by the sensors and manually by the author.  
 
Figure D.4 Specimens temperature tested by two methods 
In summary, Figures D.1 through D.4 show the temperature records. There are zeros in 
the data files of temperatures of the site concrete, concrete cylinders, and natural environment 
because sometimes the Wi-Fi signal is not stable and the computer could not get the responses 
from the electronic boards. For analysis purposes, the author cleansed the data. For example, the 
experiment duration was from August 17th to September 26, 2018, which was in summer time. 
Hence there should not be a zero degree in the temperatures. Since deleting these zeros would 
not affect the data integrity, after collected the temperature data, the author decided to cleanse 
the zeros from the data.   
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The big data predictions on the temperature development processes of site concrete 
structures use the collected temperature data. Table D.1 lists the indexes of the following figures 
with detailed explanation of the purposes of temperature data comparisons.  
Table D.1 




Name and Purpose Duration of 
time series 
(Year 2018) 
D.5 The plot of temperature differences between the sensor-detected 
temperatures on the surface of the structure with normal strength 
concrete (Surface Normal-Strength Out-Temp) and the temperatures 




D.6 The plot of time series of two sets of temperatures: Surface of 
Normal-Strength Out-Temp and Normal-Strength Ins-Temp. 
 
8/31-9/5 
D.7 Figure D.7 Time series of surface temperature of normal strength 
concrete sample and its relative specimens from August 3rd to 
September 14th, 2018. 
 
8/31-9/14 
D.8 The plot of Time series of temperature differences (Surface of 




D.9 (a) Temperature differences between the concrete structure outside 
and the cylinders in curing tank; (b) T-test on the surface 
temperatures of normal strength concrete structure and specimens.  
 
8/25-8/31 
D.10 The plot of Time series of temperature differences (Surface of 




D.11 The plot of sensor-detected temperatures of on the surface of the 
structure with normal strength concrete (Surface Normal-Strength 
Out-Temp) and the temperatures of corresponding cylinders in the 
curing boxes (Normal-Strength Ins-Temp) 
 
8/25-9/24 
D.12 The plot of the differences between Surface Normal-Strength Out-




D.13 The plot of time series of Center Normal-Strength Out-Temp and 
surface Normal-Strength Out-Temp for entire duration. 
 
8/25-9/24 
D.14 The plot of time series of the differences between Center Normal-
Strength Out-Temp and Normal-Strength Ins-Temp 
 
8/25-9/24 




D.16 Time series of temperature differences of surface and center of 
normal-strength concrete structure 
 
8/25-9/24 
D.17 The screenshot of the T-test on the center temperatures of the 
structure with normal strength concrete (Normal-Strength Ins-
Temp) and the temperatures of Normal-Strength Out-Temp. 
 
8/25-9/24 
D.18 The plot of time series of Surface Early-Strength Out-Temp and 
Center Early-Strength Out-Temp 
 
8/18-9/14 
D.19 The plot of time series of the differences between Surface Early-
Strength Out-Temp and Center Early-Strength Out-Temp 
 
8/18-9/14 
D.20 The screenshot of the T-test on the center temperatures of the 
structure with early-strength strength concrete (Center Early-




D.21 Time series of three types of temperatures   8/25 15:00-
8/25 21:00 
D.22 The graph shows the relationship between Surface Normal-Strength 




D.23 The time series of three types of temperatures 8/25 21:00-
8/26 10:00 
D.24 The graph shows the relationship between Surface Normal-Strength 




D.25 The time series of three types of temperatures 8/26 10:00 to 
8/26 16:00  
D.26 The graph shows the relationship between Surface Normal-Strength 
Out-Temp and Center Normal-Strength Out-Temp 
 
8/26 10:00 to 
8/26 16:00  
D.27 The time series of three types of temperatures  8/26 16:00 to 
8/27 0:00  
D.28 The graph shows the relationship between Surface Normal-Strength 
Out-Temp and Center Normal-Strength Out-Temp 
8/26 16:00 to 
8/27 0:00  
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After the construction of normal strength concrete structures on the parking lot, the 
author faced some technical difficulties and solved them within 12 hours of the occurrences. For 
example, there was a difference of -10 degrees Celsius between the temperature of concrete 
structure and the temperature of cylinders in the first day of construction. Figure D.5 shows the 
differences between the surface temperature of concrete structure and the corresponding 
specimens’ temperatures. This is a similar situation with what shows in Figure 27, except that the 
temperatures are measured by the sensor at the center of the normal-strength concrete structure. 
At the beginning, the difference value increased from negative -10 degrees Celsius to +15 
degrees Celsius. The system started heating the water to in the curing tank. In the first day of 
curing concrete, the concrete structure generated heat and the temperature of concrete was higher 
than those in the other days or at night. At around 8:00 pm of the second day, the author left the 
lab and turned off the power of the control system for the sake of safety. In ideal conditions, the 
system should have a strong surge protection to support its daily continuous functions. Starting 
from August 29th, 2018 the author began to keep the power to the control system at “on” status 
before leaving at night. Therefore, there are several temperature fluctuations in Figure D.5 that 
are greater than 2 degrees Celsius. For example, the two growths are from 8/26 7:30 PM to 8/27 
8:22 AM and from 8/28 6:00 PM to 8/29 8:00 AM. These temperature differences are reduced to 
less than 2 degrees Celsius once the system is back to work. 
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Need to check the curing 
tanks of the cylinders. 
 
Figure D.5 Differences between center temperature of the normal strength concrete structure and 




Figure D.6 shows the time series of two sets of temperatures: at the surface of normal-
strength concrete structure and its corresponding cylinders from August 31rd to September 5th, 
2018. The figure has most of the red dots overlapping the blue dots. However, some blue 
segments are above the red segments. The difference between the two lines is not significant. In 
this system, the temperature difference should be within 2 degrees Celsius because that the 
system will not work if the temperature difference is between +/- 2 degrees Celsius.  
 
Figure D.6 Time series of two sets of temperatures: Surface of Normal-Strength Out-Temp and 




Figure D.7 shows the time series of the surface temperatures of normal strength concrete 
structure and its corresponding specimens from August 31st to September 14th, 2018. In the 
figure, the red part is mostly overlapping the blue part. However, there are some blue segments 
with lower data values than the red parts. This is due to the laboratory limitations. The 
temperature in the laboratory was around 20 degrees Celsius consistently. The devices used to 
decrease the temperatures of specimens were household fans, which had restricted capabilities in 
temperature adjustment. It was difficult in current experiment settings to immediately adjust the 
temperature of specimens the same as the surface temperature of normal strength concrete 
structure if the surface temperature was under the 20 degrees Celsius. 
 
Figure D.7 Time series of surface temperature of normal strength concrete sample and its 




Figure D.8 shows that time series of temperature differences of surface of normal-
strength concrete structure and its corresponding specimens from August 31st to September 5th, 
2018. When the difference is above 2 Celsius degrees, the outside construct temperature is higher 
than the inside specimens’ temperature. When this happens, the SSCC system adjusts the 
temperature of specimens according to the outside concrete structure. After the system increases 
the temperature of specimens to be within 2 Celsius degrees, the heating process stops. For the 
points which are under the -2 Celsius degrees in the figure, it means the cylinders have a higher 
temperature than what the outside structure has. The difference is more than 2 Celsius degrees. 
Fans are used to cool the specimens down. Because the temperature in lab was around 20 Celsius 
degree all the time with air conditioning. Using the fans, it is difficult to make the temperature of 
specimens the same as the surface of the outside structure if the exterior temperature is under 20 
Celsius degrees. 
 
Figure D.8 Time series of temperature differences (Surface of Normal-Strength Out-Temp 
versus Normal-Strength Ins-Temp) 8/31-9/5, 2018 
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Figure D.9 (a) shows the result of the T-test on the surface temperatures of the structure 
with normal strength concrete (Surface Out-Temp) and the temperatures of corresponding 
cylinders in the curing tanks (Ins-Temp). The figure shows the time series data from August 25th 
- 31st, 2018. From the table, there are 95% confidence to say that the difference between surface 








Figure D.9 (a) Temperature differences between the concrete structure outside and the cylinders 
in curing tank; (b) T-test on the surface temperatures of normal strength concrete structure and 
specimens. 
Figure D.10 continues with the time series data and shows the differences by comparing 
surface temperatures of normal-strength concrete structure (Surface Out-Temp) and those of its 
corresponding cylinders in curing tank (Ins-Temp from August 31st to September 14th, 2018). 
The system adjusts the temperature of specimens according to the temperature of the outside 
structure. For those points which are under -2 Celsius degrees in the figure, it is because the 
temperature in lab is around 20 Celsius degrees and the SSCC system takes time to reduce the 
temperature of the cylinders. In the figure, there is a quick rise at the end of the graph and the 
temperature difference is close to the 7.5 Celsius degrees. It is because the relay (which is used 
to control the heater) was out of control so that the heater continually heated the specimens. The 
system caught this problem and sent warning message to repair the device.  
 
Figure D.10 Time series of temperature differences (Surface of Normal-Strength Out-Temp 
versus Normal-Strength Ins-Temp) 8/31-9/14, 2018  
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Figure D.11 shows the time series of surface temperatures of normal-strength concrete structure 
and the temperatures of corresponding cylinders. Most of the red dots overlap with the blue dots, 
which suggests that the temperatures of the normal-strength concrete structure are similar to the 
temperatures of the corresponding cylinders. For the differences between them, it is due to the 
aforementioned reasons. In addition, there is a highest peak around September 20th, 2018. The 
temperature of the cylinders is almost close to 50 Celsius degrees. It is because that the relay 
(which is used to control the heater) was out of control. The author immediately replaced the 
relay and got the heater back under control.  
 
Figure D.11 Time series of temperatures at the surface of concrete structure and cylinders   
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Figure D.12 shows that time series of temperature differences between the surface of 
normal-strength concrete structure and its corresponding cylinders in curing tank. For some 
points which are higher than 2 Celsius degrees, it is because that outside structure temperature is 
higher than that of the inside cylinders. The temperature of cylinders was adjusted according to 
the outside structure. There were some lowest points around September 20th, 2018, which is 
corresponding to the red highest points in Figure D.11. It is because of the relay failure, which 
was fixed within one hour.  
 






The D.13 shows the temperature graph of two time series: center of normal-strength 
concrete structure and corresponding cylinders during the whole curing process. The red part 
covers the blue part mostly, which suggests the temperature of the structure is similar to the 
temperature of the corresponding cylinders. Meanwhile, there are some different parts between 
them. The reasons are discussed on previous figures.  
 
Figure D.13 Time series of Center Normal-Strength Out-Temp and surface Normal-Strength 





The D.14 shows the temperature differences of two time series: center of normal-strength 
concrete structure and corresponding cylinders during the whole curing process. And the 
temperature of specimens was adjusted according to the outside sample. The fluctuation points 
around September 20th are corresponding to the red highest points in figure D.13. It is because 
the relay which was out of control.  
 
Figure D.14 Time series of temperature differences: Surface Normal-Strength Out-Temp versus 





Figure D.15 shows the whole time series of two sets of temperatures: surface versus 
center of the normal-strength concrete structure. Throughout the process, both lines are 
constantly fluctuating. This can be explained by the temperature difference between day and 
night. At the beginning, there is a peak, which is beyond 50 Celsius degrees. That is because the 
concrete generated some heat at the beginning to make the concrete temperature higher. This 
explains the necessity of temperature prediction based on machine learning.  
 






Figure D.16 shows the whole time series of temperature differences: surface versus 
center of normal-strength concrete structure. The temperature difference between them 
continually fluctuated mainly from -2.5 to 2.5. It is well known that the surface temperature of 
concrete would rise faster than the center temperature under the sunshine. But at the night, the 
center of concrete will keep the temperature more constant than the surface of concrete. This 
explains the necessity of temperature prediction based on machine learning. 
 
Figure D.16 Time series of temperature differences of surface and center of normal-strength 





Figure D.17shows the result of T-test on the temperature differences of surface and center 
of normal-strength concrete structure and specimens. From the table, there are 95 percent 
confidence to say that the temperature difference of surface and center of early-strength concrete 
structure and specimens are in the interval of (-0.5318,-0.2043).  
 






Figure D.18 shows the whole time series of temperature of surface and center of early-
strength concrete structure and specimens. Throughout the process, both lines are constantly 
fluctuating. This can be explained by the temperature difference between day and night.   
 






Figure D.19 shows the whole time series of temperature difference of surface and center 
of early-strength concrete structure. This graph corresponds to the figure D.18. The temperature 
difference between them continually fluctuated mainly from -5.0 to 2.5 Celsius degrees. 
Comparing to the normal-strength concrete structure in Figure D.16, the temperature differences 
in Figure D.19 are wider because there was great temperature difference between day and night 
at that time.   
 





Figure D.20 shows the result of T-test on the temperature differences of surface and 
center of early-strength concrete structure. From the table, there are 95% confidence to say that 
the temperature difference between the surface and center of the early-strength concrete structure 
are in the interval of (0.1230, 0.3883).  
 
Figure D.20 The screenshot of the T-test on the center temperatures of the structure with early-






Figure D.21 is time series of three types of temperatures from 8/25 15:00-8/25 21:00. 
Figure D.22 shows there is an equation (y=1.70x-23.78). The R-square is 100%, which is from 
the train set data. This model created by these data. The 100% means that this is a very reliable 
value and the model is reliable. And result 1 shows the accurate intercept of the model is -
23.784741359789166 and the accurate coefficient of the model is 1.70244511. After using the 
test set to evaluate the model, the result 2 show the R-square is 0.99899566725910982, which 
suggest the model is much reliable.  
 
Figure D.21 Temperature time series of three types of temperatures from 8/25 15:00-8/25 21:00 
Results 2:
(-23.784741359789166, array([ 1.70244511]))
('R^2 is: \n', 0.99899566725910982
 
Figure D.22 Relationship between two concrete temperatures, 8/25 15:00-8/25 21:00   
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Figure D.23 time series of three types of temperatures from 8/25 21:00-8/26 10:00  
Figure D.24 shows that there is an equation (y=1.34x-7.86). The R-square is 100%, which is 
from the train set data. This model is created by these data. The 100% value means that this is a 
very reliable value and the model is reliable. The result 2 shows that the R-square is 
0.99697049891596934, which suggest the model is much reliable.  
 
Figure D.23 Temperature time series of three types of temperatures from 8/25 21:00-8/26 10:00 
Results 2:
(-7.860487802558076, array ([1.33890096]))
('R^2 is: \n', 0.99697049891596934)
 
Figure D.24 Relationship between two concrete temperature sets 8/25 21:00-8/26 10:00 
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Figure D.25 shows the time series of three types of temperatures from 8/26 10:00 to 8/26 
16:00. Figure D.26 shows that there is an equation (y=.0.91x+68.29), in which the R-square is 
0.32. The equation is from the train set data where this model created from. The R-square of 0.32 
is a lower value, so the model is not reliable. The result 3 in the figure shows the accurate 
intercept of the model is -68.291599402999779 and the accurate coefficient of the model is -
0.90574618. After using the test set to evaluate the model, the result 3 show the R-square is 
0.11637298534711316, which suggest the model is not reliable.  
 
Figure D.25 Time series of three types of temperatures from 8/26 10:00 to 8/26 16:00  
Result 3:
(68.291599402999779, array ([-0.90574618]))
('R^2 is: \n', 0.11637298534711316)
 
Figure D.26 The graph about relationship between two normal strength concrete temperatures 
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Figure D.27 time series of three types of temperatures from 8/26 16:00 to 8/27 0:00. 
Figure D.28 shows that there is an equation (y=0.7x+12.49), with the R-square of 0.94, which is 
from the train set data. This model created by these data. The value of 0.94 means that this is a 
very reliable value and the model is reliable. The result 2 shows that the accurate intercept of the 
model is -12.493721267560087 and the accurate coefficient of the model is 0.69531216. After 
using the test set to evaluate the model, the result 4 shows that the R-square is 
0.91930877045455317, which suggest the model is much reliable.  
 
Figure D.27 Time series of three types of temperatures from 8/26 16:00 to 8/27 0:00  
 Results 4: 
(12.493721267560087, array ([0.69531216]))
('R^2 is: \n', 0.91930877045455317)
 
Figure D.28 The graph about the relationship between surface and center of normal strength 
concrete temperature from 8/26 16:00 to 8/27 0:00  
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APPENDIX E: PYTHON CODE  
Figures E.1 and E.2 show the partial code for data selection according to the training 
types and the Python code. 
 
Figure E.1 Selection results for training data sets 




Figure E.2 Python code for data selection 
Figure E.3 shows the module to create the graph for the prediction. After getting the 




Figure E.3 Code for prediction graph of the model 
 
 
